Introduction
Spout fluidized beds are often applied for gas-solid contacting operations involving physical and chemical transformations such as drying, coating, granulation, combustion and gasification. This is because these beds combine features from both spouted and fluidized beds. Moreover, intense gas-solid contact leads to efficient heat and mass exchange. Additionally, spout fluidized beds can be operated for coarse particles with wide size distributions. Since the development of the spout fluidized bed [1] , a number of modifications were suggested to improve its performance. These modifications involved different geometrical configurations such as rectangular [2] , conical bottom [3, 4] , slotted rectangular, multiple and elevated spout fluidized beds [5, 6] . One of the significant modifications includes insertion of a draft tube inside the bed, which results in improved performance by restricting the particle cross flow. Moreover, a draft insertion tube results in stable spouting at lower flow rates, due to the reduced bypassing of the inlet gas (from spout to annulus). This is evident from the experimental study on spouted beds with and without draft tube by [7] . They observed a lower minimum spout velocity for a bed with a draft tube, which leads to lower energy consumption to achieve the same spouting characteristics as in a system without a draft tube. Claflin and Fane [8] imply that in conventional spouted beds, particles enter the spout channel from the annulus at various heights, leading to random particle behavior. Furthermore, additional flexibility in the maximum spoutable height without disturbing the stable spouting can be successfully achieved. Additionally, the insertion of a draft tube in a spout fluidized bed provides flexibility to control the particle velocity, bed porosity and gas phase residence time by adjusting operating parameters and geometrical configurations such as the entrainment height and the draft tube dimension.
A detailed understanding of the bed dynamics with flow transition is of primary importance for design and scale-up. This can be either achieved by performing experiments or simulations. However, it is troublesome to perform the experiments on larger scale, because it is difficult to access the relevant areas experimentally. Over the past few decades, the dynamics of gas-solid systems has been studied using multi-scale simulation approaches [9] . For gas-solid systems, commonly used simulation approaches for laboratory scale contactors are mainly subdivided into two groups viz Eulerian-Lagrangian (discrete model) and the Eulerian-Eulerian approach (continuum model). In both approaches the gas phase dynamics is described by the volume-averaged Navier-Stokes equations. In the Eulerian-Lagrangian approach the motion of the solids phase is obtained by solving Newton's law of motion for individual particle, whereas in the Eulerian-Eulerian approach the solids phase is considered as a continuum. Another promising development involves the use of smooth particle hydrodynamics (SPH) for describing the gas-solid flow in fluidized beds [27] . There exist few studies on dynamics of spout fluidized beds either by the Eulerian-Lagrangian or Eulerian-Eulerian approach. Link et al. [10] performed simulations to study the hydrodynamics of a pseudo 2D spout fluidized bed (W × D × H = 0.15 × 0.015 × 1 m 3 ) by using a discrete particle model (DPM) and validated their results by employing particle image velocimetry (PIV) and digital image analysis (DIA). Link et al. [11] extended these studies to a 3D spout fluidized bed. Furthermore, Link et al. [2] studied the flow characteristics in a 3D spout fluidized bed (W × D × H = 0.15 × 0.084 × 1 m 3 , with spout dimension of W × D = 0.022 × 0.012 m 2 ) using positron emission particle tracking (PEPT). They also studied a cylindrical spout fluidized bed (D = 0.4 m) using a fiber optical probe [12] . Link et al. [13] have reported DPM simulations of a pseudo 2D spout fluidized bed granulator by considering the effect of additional liquid injection. Deng et al. [14] have developed a model to study the coal gasification in a pressurized 3D spout fluidized bed. Zhong et al. [3] numerically studied the hydrodynamics in a rectangular spout fluidized bed using an Eulerian-Lagrangian approach. Zhong et al. [15] have determined the flow patterns in a large scale spout fluidized bed (D × H = 1 × 6 m 2 ) at high pressure and temperature using an Eulerian-Eulerian approach including a turbulence model. Zhang et al. [16] studied the mixing behavior of the particles in a flat bottom spout fluidized bed using an Eulerian-Lagrangian approach, where the turbulence in the gas phase was modeled with a k-ε model. Van Buijtenen et al. [17] studied the effect of the interparticle interactions on the spout fluidized bed dynamics, by considering different values of the restitution coefficient. This study revealed that a decrease in the restitution coefficient results in the formation of bubbles causes more pronounced heterogeneity (instability) in the overall flow structure of the bed, which significantly depend on the spout and background velocities. In addition, they have performed simulations by extending the DPM to study the effect of inter-particle interaction with a variable restitution coefficient under wet conditions (with additional liquid injection, see [17] ). Also, van Buijtenen et al. [18] performed experimental investigations to analyze the effect of variation in the collision properties using three particle types namely glass, γ-aluminum oxide and zeolite 4A on dynamics of a spout fluidized bed. Even though simulations offer a platform that can be used to obtain better insight, it is necessary to validate the model prediction before the model can be confidently applied for the design and scale-up. The efficacy of the developed model to predict the dynamics of the real system can be achieved by comparing model results with experimental data obtained with non-intrusive techniques. The experimental studies reported in the literature [6, 25] generally include the determination of the particle velocity by PIV, PEPT and solid volume fraction by DIA and electrical capacitance tomography (ECT).
The current study aims at constructing a flow regime map for a pseudo 2D spout fluidized bed with a draft tube (from now on we will refer to this as draft plates) with the aid of high speed image analysis and measuring the bed pressure drop. The time-dependent pressure signals were converted into the frequency domain using a Fast Fourier transformation (FFT). Depending on the magnitude of the mean driving frequency and events, identical particulate flow patterns were grouped to form a particular regime, which is designated using the same terminology as reported in [19] . The flow regime map can be used to select proper operating conditions; whereas the experimental data can be used for computational fluid dynamic (CFD) model validation, which serve as a building block for design and scale-up at higher operational scales. Besides this, the quantitative information such as particle velocity, residence time distribution, solid mixing and circulation can be obtained after suitable post processing hence useful in optimizing the bed performance. Moreover, numerical investigations were performed to determine the dynamics of a pseudo 2D spout fluidized bed with draft plates, by considering two regimes, viz. the spouting-withaeration and fluidized bed-spouting-with-aeration (dispersed spout) using a discrete particle model. The obtained results are compared with experimental PIV data.
Experimental investigations
The dynamics of a spout fluidized bed with draft plates was determined by capturing high speed images, which are utilized for identifying the flow patterns and measuring the particle velocity. In this section, we introduce the experimental setup including brief explanations of the pressure measurement technique and PIV.
Experimental set up
Experiments were conducted in a pseudo 2D spout fluidized bed of dimension W × D × H = 0.14 × 0.02 × 1 m 3 , as shown in Fig. 1 with a spout dimension of W sp × D sp = 0.01 × 0.02 m 2 . The front wall of the bed consists of a glass plate to enable visual observation and the back wall was made of anodized aluminum. Moreover, two draft plates each of dimension W dt × D dt × H dt = 0.005 × 0.02 × 0.32 m 3 were located in the bed at a distance of 0.045 m from the side wall whereas the entrainment height (h) could be varied in the range of 0.03 to 0.05 m from the distributor plate. Pressurized air was fed to the bed via three sections at flow rates up to 150 m 3 /h. Electrostatic forces between particles were minimized by maintaining the relative humidity of the inlet air approximately equal to 90%. Digital images were recorded using a high speed camera (LaVision Imager pro HS). Reflections occurring during the recording were minimized using LED lamps, illuminating the bed at an angle of 45°. Pressure fluctuations were measured using two pressure sensors located in the spout and annulus. Experiments were performed using two types of particles namely glass and γ-aluminum oxide. The physical properties are given in Table 1 .
Pressure measurements
In this study, pressure measurements were done using sensors located at the backside of the bed, which were connected through a signal convertor to a computer. The signals were recorded for 4 min, with 50 Hz data acquisition rate. For each inlet flow condition, the images were recorded and measured pressure signals were transformed into an amplitude-frequency domain. The change in the dominant frequency was used as a basis to quantify the flow regime. The obtained results for the pressure fluctuations and FFT distributions are summarized in Table 7 .
Particle image velocimetry (PIV)
Particle image velocimetry (PIV) is a non-intrusive measurement technique, which provides information about the average particle displacement. This technique can be used to determine the average particle displacement in pseudo 2D beds. The bed depth is kept sufficiently large to prevent particle bridging from wall.
In PIV, two subsequent images with a small time interval(Δt) were captured and subdivided into interrogation areas depending on the available resolution and cross-correlation was applied to determine the volume average particle displacement (s p ). The particle velocity in each interrogation area is determined by:
where M is the image magnification factor and Δt is the time interval, which is maintained sufficiently small. During recording, Δt = 1 ms was used and image pairs were recorded at 10 Hz frequency. The exposure time was adjusted depending on the light intensity and the distance between the camera and the bed. A schematic representation of the PIV setup is shown in Fig. 2 . Post-processing was done in DaVis 8.0.3, by setting the interrogation area of 64 × 64 pixels with 50% overlap and by applying a geometric mask at the draft plate location. Outliers were removed by using a median filter. For the calculation of the timeaveraged particle velocity fields we used 4000 image pairs.
Numerical investigations

Model equations
The model equations (Eqs. (2)-(9)) used in this work are summarized in Table 2 . For the gas phase we solve the volume-averaged Navier-Stokes equations (Eqs. (2) and (3)), whereas for each of the particles we solve the equations of motion (Eqs. (6)-(8)).
The turbulence generated by the high velocity spout was modeled using the sub-grid scale (SGS) turbulence model proposed in [21] . This model can handle both transitional and turbulent flow, in the vicinity of walls. Also, this model does not involve explicit filtering, averaging or other clipping procedures. The shear induced turbulent viscosity in this model is given by: 
Inter-phase coupling and internal wall treatment
A proper selection of the Eulerian grid size and the associated function to map parameters between the Eulerian grid and the Lagrangian particle positions is of key importance in DPM simulations. Transfer of properties between the Eulerian and Lagrangian positions can be achieved by mapping functions as described in more detail in [23] [24] [25] .
In this study, the simulations were carried by considering an approach proposed in [25] . In this approach, each particle is represented by a porous cube, with a size equal to, where 'a' is the ratio of cube diameter to particle diameter. During this study, simulations were carried for Table 2 Model equations used for numerical investigations of spout fluidized bed.
Gas phase
Momentum balance equation:
Solid phase Translation momentum equation: mapping window of size equal to 5 times the particle diameter. The porosity of the cube can be calculated from:
In general, variables from the Eulerian grid (ϕ E ) are mapped to the Lagrangian positions (ϕ L ) and vice versa using:
f j cube is the volume fraction of cell j occupied by the cube and f cell i is the volume fraction of cell i occupied by the cube. For particles close to a wall the mapping function is folded back into the simulation domain, as illustrated in Fig. 3 . For the simulation of a spout fluidized bed with draft plates, a similar approach as proposed by [25] has been applied for the internal walls. However, cells in the vicinity of corners of internal walls are folded around both walls, as illustrated in Fig. 4 .
Internal walls inside the bed are defined using a flag matrix concept, which offers the flexibility to define different boundary conditions by assigning a specific value to the cell flag. These cell flags were associated with relevant information about the boundary condition. More information about the flag matrix concept can be found in [23] .
In this simulation, no-slip boundary conditions were defined for internal walls by setting the tangential velocity inside the wall equal to that outside the wall, however with an opposite sign. Furthermore, collisions between the particles and an internal wall were treated in the same manner as those with external walls. Collisions of particles on a corner of an internal wall were treated on the basis of the particle center of mass. A particle with its center of mass below the diagonal line will collide with the side surface of the wall, whereas a particle with its center of mass above the diagonal line will collide with the top surface.
An overview of various boundary conditions used in DPM simulations can be found in Table 3 . In this study the simulations were performed by applying the no-slip conditions at the side walls, whereas the bottom wall was set as an inflow boundary. The draft plates were modeled as internal walls with no-slip conditions. Fig. 5 illustrates the boundary conditions used in our simulations.
Test cases
Simulations were performed for a pseudo 2D spout fluidized bed shown in Fig. 1 . We varied the spout and background velocities and Fluid phase influx cell, velocities have to be specified 5
Prescribed pressure cell, free slip boundaries 6
Continuous outflow cell, free slip boundaries 7
Corner cell, no boundary conditions have to be specified 8
Internal wall, no slip boundaries physical properties of the particles. The different simulation cases are summarized in Tables 4 and 5 . The cases B1 and B2 were performed using glass particles, whereas in cases B3 and B4 γ-aluminum oxide was used. The settings used in the simulations are listed in Table 6 .
Results
Establishment of a flow regime map
For construction of the flow regime map, the experiments were performed by varying the background velocity from 0 to 1.75 m/s with increments of 0.25 m/s whereas the spout velocity was varied from 10 to 50 m/s with increments of 5 m/s. Based on the high speed image analysis, pressure drop measurements and its frequency spectrum eight distinct flow regimes were identified. It should be noted that it is difficult to evaluate the transition between the regimes solely using the image analysis. Critical values of u bg /u umf and u sp /u umf for certain regimes were determined by spectral analysis, which are summarized in Table 7 . Additionally, the regimes with small differences in the FFT spectrum were analyzed visually and on the basis of variation in the pressure drop. The eight distinct flow regimes based on the above criteria were grouped to form a flow regime map, as shown in Fig. 6 , displaying a characteristic snapshot for each identified regime.
We investigated the effect of particles properties with two particle types. In this section, the results for the spouting-with-aeration regime and the fluidized bed-spouting-with-aeration (dispersed spout) regime are presented, both for glass and γ-aluminum oxide particles. It is noted that the simulations for different particle types were carried by keeping the values of u sp /u mf and u bg /u mf constant.
In this section, the observed flow patterns will be discussed in more detail. In addition to this, time-averaged particle velocities in the vertical direction 〈v p,z 〉 was quantified at various heights and compared with experimental data.
Spouting-with-aeration
In this regime, a stable spouting was observed in the spout with random particle movement in the annulus, which can be seen from Figs. 7 and 8 respectively for the glass and γ-aluminum oxide particles. With increasing spout velocity, the particles in the spout, after reaching the zone above the draft plates move in the lateral direction, lose their momentum and fall down in the annulus. Now we will discuss the particulate flow behavior for both particle types.
Glass particles (B1)
With increasing spout velocity, particles present near the distribution plate are accelerated upwards through the draft plates up to a certain height, without pronounced cluster formation. After reaching a certain height, particles move laterally and subsequently lose their momentum and move down into the annulus. This continuous upward and downward transport of the particles leads to steady particle circulation patterns, with relatively high particle velocities inside the draft plates. Fig. 7(a-c) shows images from the experiments for the spouting-with-aeration regime, illustrating non-uniform particle distribution between the left and right compartment of the bed. This nonuniformity primarily depends on the extent of gas bypassing during the experiments, initial amount of particles in the annulus and generation of the spout. During the experiments, it was observed that the gas emerging from the spout frequently diverted towards the right side withdrawing and transporting a larger number of particles from the right annulus section. 
Case Description Particles B1
Spouting-with-aeration Glass B2
Fluidized bed-spouting-with-aeration (dispersed spout) Glass B3
Spouting-with-aeration γ-Aluminum oxide B4
Fluidized bed-spouting-with-aeration (dispersed spout) γ-Aluminum oxide A wider distribution of the moderate power, without any frequency peak A periodic variation in the pressure signals in a chaotic fashion VII Fluidized bedspouting-withaeration (dispersed spout).
A wider power distribution with two dominant frequency at 0.5 and 1.5 Hz A periodic variation in the pressure signals with some irregular behavior Similar circulatory behavior was observed during simulations (see Fig. 7(d-g) ). However, during the simulations more homogenous particle distributions were observed in the annulus as compared with the experimental findings. This is because the particles near the distribution plate offers uniform static load on incoming gas, without any deviation in the spout. But, after reaching a quasi-steady condition (at simulation time t = 7.5 s) non-uniformity in the particle distribution can be clearly seen from Fig. 7g .
γ-Aluminum oxide particles (B3)
For the γ-aluminum oxide particles, similar circulation patterns were observed as for the glass particles. Fig. 8(a-c) and (d-g) shows snapshots obtained from the experiments and the simulation respectively. From these snapshots the formation of particle clusters inside the draft plates can clearly be seen. In addition meandering of the spout inside the draft plates is observed. Also, γ-aluminum oxide particles were transported to a lower height compared to glass particles, despite of the same u sp /u mf and u bg /u mf . This is due to the differences in the physical properties of particles especially, the restitution coefficient. The particles with a lower coefficient of restitution promote the dense regions formation, mainly in the form of clusters with more pronounced energy dissipation during particle-particle collisions. In this regime, the spout velocity was not sufficient to lift the formed particle clusters. Hence, the periodic formation and collapse of the particle clusters was observed inside the draft plates. This leads to a lower exchange rate of particles between the zone inside the draft plates and the annulus. In addition, the formed clusters partially block the draft plates encouraging unsteady pulsating particulate flow patterns with reduced bed height. During the simulations, an equal particle distribution on both sides of the draft plates was observed, which is in contrast with the experimental observations. 
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Fluidized bed-spouting-with-aeration (dispersed spout)
In the fluidized bed-spouting-with-aeration (dispersed spout) regime, the particles in the draft plates were elevated to a larger height as compared with the spouting-with-aeration regime, due to the higher background velocities with considerable displacement in the annulus. The total system operates like a circulating bed. Snapshots obtained during the experiments and simulations are shown in Figs. 9 and 10 for glass and γ-aluminum oxide particles respectively. Fig. 9 (d-g) displays a series of snapshots of a simulation of a spout fluidized bed in the fluidized bed-spouting-with-aeration regime using glass particles. Contrary to the experiments ( Fig. 9(a-c) ) in the simulation, the formation of particle clusters inside the draft plates is observed. These clusters partially block the draft plates and induce an unsteady pulsating flow with varying bed height. Furthermore, bubble formation was also observed in the annulus. Bubbles often propagate through the annulus in the form of slugs, due to the small width of the annulus. It is generally assumed that, the generation of slugs commences when the bubble size approaches 2/3 of the bed width. It should be also noted that the particle circulation attributes to particle leaking from the bottom of the slugs in the downward direction.
Glass particles (B2)
γ-Aluminum oxide particles (B4)
The simulation results for γ-aluminum oxide particles are depicted in Fig. 10(d-g) . It is observed that γ-aluminum oxide particles are transported to a lower height compared to glass particles. Furthermore, despite the higher background velocity, less pronounced particle movement was observed in the annulus with an unstable spout. This may be due to the change in the particle physical properties, especially the restitution coefficient. As the restitution coefficient decreases the energy dissipation rate during inter particle collisions increases, which leads to the formation of the dense regions that partially block the draft plates. This also causes higher gas bypassing through the annulus. Similar kind of flow patterns were observed in the experiments and simulations.
Time-averaged particle velocity
In Fig. 11 the time-averaged particle velocity profiles are presented and compared with the experimental data obtained from PIV measurements. Fig. 11 (a-b) shows the comparison for case B1 at various vertical positions and reveal good agreement between simulation and experiments, however in the annulus the agreement is less. This may be due to the exclusion of rolling friction in the model. Goniva et al. [26] reported that increasing the particle-particle and particle-wall rolling friction leads to lower downward particle velocities of the dense flow in the annulus without any pronounced effect on the particle velocity in the spout.
In addition, the jet emerging from the draft plates shows a small deflection to the right. For case B2, simulation results at a bed height z = 30 and 50 cm show a good agreement with the experimental data (see Fig. 11(c-d) ). The obtained results show the slanting of the spout. This is mainly because particle clusters formations at various heights in draft plates. Also, cluster formation is more pronounced at lower background velocity. 
Conclusions
A flow regime map was constructed for a pseudo 2D spout fluidized bed with draft plates, by capturing the high-speed images and fast Fourier transformation (FFT) of measured pressure signals. In this study, eight distinct flow regimes were identified by changing the background velocity from 0 to 1.75 m/s with increments of 0.25 m/s and the spout velocity from 10 to 50 m/s with increments of 5 m/s. With increasing spout velocity, particle circulation increases for the entire range of background velocities. At low background velocities, less pronounced particle motion was observed in the annulus. However, increasing the background velocities causes higher particle circulation rates through the fluidized annulus. Moreover, increasing the background velocity has a stabilizing effect on the particles in the annulus. In order to attain particle circulations at low background velocity, the spout velocity should be sufficiently high.
Simulations of a spout fluidized bed with draft plates were carried out by using a discrete particle model (DPM). In the DPM the dynamics of the gas phase is described by the volume averaged Navier-Stokes equations; whereas the motions of the individual particle were determined by Newton's laws of motion by considering a soft-sphere collision model. The draft plates in the spout fluidized bed were treated as internal walls.
Simulations were performed for two particulate systems, namely glass and γ-aluminum oxide by selecting two regimes, viz. spoutingwith-aeration and fluidized bed-spouting-with-aeration (dispersed spout). The obtained results in terms of flow patterns and timeaveraged particle velocities for glass and γ-aluminum oxide particles in both the regimes were compared with experimental results. These comparisons show good agreement. Better agreement in the annulus may be achieved by including a rolling friction model. 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 
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